Cytotoxic T lymphocyte antigen-4 (CTLA-4) is an inhibitory receptor on T cells essential for maintaining T cell homeostasis and tolerance to self. Mice lacking CTLA-4 develop an early onset, fatal breakdown in T cell tolerance. Whether this autoimmune disease occurs because of the loss of CTLA-4 function in regulatory T cells, conventional T cells, or both is unclear. We show here that lack of CTLA-4 in regulatory T cells leads to aberrant activation and expansion of conventional T cells. However, CTLA-4 expression in conventional T cells prevents aberrantly activated T cells from infiltrating and fatally damaging nonlymphoid tissues. These results demonstrate that CTLA-4 has a dual function in maintaining T cell tolerance: CTLA-4 in regulatory T cells inhibits inappropriate naïve T cell activation and CTLA-4 in conventional T cells prevents the harmful accumulation of self-reactive pathogenic T cells in vital organs.
migration | peripheral T cell tolerance | T regulatory cells C ytotoxic T lymphocyte antigen-4 (CTLA-4) is an indispensable regulator of peripheral T cell tolerance. Ctla4 −/− mice suffer from a severe, early-onset autoimmune disease mediated by CD4 + T cells that is lethal by 3-4 weeks of age (1) (2) (3) . In conventional T cells, CTLA-4 expression on the cell surface is induced after TCR signaling (4) . In contrast, CTLA-4 is constitutively expressed on CD4 +
FOXP3
+ regulatory T (Treg) cells (5) , in part because FOXP3 directs CTLA-4 transcription (6) . Because FOXP3 + Treg cells dominantly control T cell self-tolerance (7) and Foxp3 −/− mice resemble Ctla4 −/− mice in autoimmune disease progression (8) , it has been speculated that the primary function of CTLA-4 is to affect Treg cell-mediated tolerance induction (5, 9) . Consistent with this notion, we have shown that CTLA-4-expressing Treg cells are necessary and sufficient to control Ctla4 −/− T cell activation in vivo (10) . Further, Ctla4 deletion specifically in Treg cells by FOXP3-Cre precipitates autoimmunity akin to Ctla4 −/− mice, although the life span of these mice is significantly extended compared to Ctla4 −/− mice (11) . These results suggest that in addition to a critical role for CTLA-4 in Treg cells, CTLA-4 may also function in conventional T cells to regulate autoimmunity.
CTLA-4 expression is induced in conventional T cells very rapidly after TCR engagement (12) with peak protein expression in fully activated and dividing T cells (4, 13, 14) . We sought to determine if this conventional T cell intrinsic expression of CTLA-4 was consequential to the maintenance of peripheral T cell tolerance. We generated mice expressing functional CTLA-4 only in activated T cells and not in Treg cells using a Ctla4 transgene (Tg) whose expression is driven by the Il2 promoter in Ctla4 −/− mice. As expected, CTLA-4-less Treg cells were unable to inhibit aberrant naive T cell activation. Critically, although activated T cellrestricted CTLA-4 expression could not prevent lymphoproliferation, it was sufficient to prevent activated T cell accumulation in nonlymphoid organs, thereby extending the life span of Ctla4 −/− mice. These results reveal a function for CTLA-4 in conventional T cells to regulate the transit of aberrantly activated, pathogenic T cells, as well as in Treg cells to prevent self-reactive T cell activation and expansion.
Results
Massive T Cell Activation and Expansion in Mice Lacking CTLA-4 Expression in Treg Cells. We generated transgenic (Tg) C57BL/6J mice (CT4Act) with activated T cell subset restricted expression of CTLA-4 by linking Ctla4 expression under the control of the Il2 promoter in Ctla4 −/− mice (Fig. 1A Top) (15) . To establish the kinetics of transgene expression in T cells, we crossed the CT4Act mice with 5C.C7TcrTgRag −/− Ctla4 −/− mice to obtain a homogenous naïve T cell population. TgCT4Act mRNA was not expressed in ex vivo naïve CD4 + T cells but was rapidly up-regulated upon T cell activation (Fig. S1A ). Similarly, intracellular (i.c.) TgCT4Act protein was detected in in vitro activated CD4 + CD44 hi CD69 + T cells at 24 h that diminished by 72 h postactivation (Fig. S1B) . Further, TgCT4Act expression was functional, as cross-linking CTLA-4 on cell surface using anti-CTLA-4-coated Sepharose beads resulted in decreased activation (Fig. S1C ) and cell division (Fig. S1D) Fig S2 A and B) . With this targeted expression of CTLA-4, CT4Act mice had a significantly extended life span, with approximately 50% of mice surviving till 10-12 months of age (Fig. 1B) . This is in contrast to previous observations in BALB/c mice, in which a specific deletion of Ctla4 in FOXP3 + Treg cells resulted in death of mice by 7-10 weeks of age (11) . However, similar to these mice, lack of CTLA-4 expression in Treg cells of CT4Act mice led to the increased activation and expansion of conventional CD4 + T cells, as reflected by an increased frequency of CD44 hi CD62L neg T cells (Fig. 1C ) and increased cellularity of peripheral lymph nodes (Fig. 1D) . As mice aged, numbers of CD8 + T cells and B cell also increased although thymic subset cell distribution was normal (Table S1 and S2). These results suggested that CTLA-4 expression in Treg cells was primarily responsible in preventing aberrant naïve T cell activation, but additional functions of CTLA-4 in conventional T cells may moderate the pathogenicity of activated, selfreactive T cells. Phenotypically, FOXP3 + Treg cells from CT4Act mice and Ctla4 −/− mice were similar (Fig. S3B ). There was also an This article is a PNAS Direct Submission.
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increased frequency of CD4 + FOXP3 + cells as early as 7 days after birth in CT4Act mice, a trend observed in Ctla4 −/− mice (Fig. S3C) , ruling out the possibility that reduced Treg cell numbers per se potentiated the T cell lymphoproliferation in CT4Act mice. To demonstrate that the aberrant naive T cell activation in CT4Act mice was caused by functionally impaired Treg cells, we investigated the extent to which Treg cells from CT4Act mice are defective in vivo and whether the lymphoproliferation in CT4Act mice can be prevented by WT Treg cells.
We have previously demonstrated that in mixed bone marrow (BM) chimeras containing WT and Ctla4 CTLA-4-less Treg cells were also unable to suppress aberrant activation of WT T cells. In a T cell transfer model of colitis, Treg cells from CT4Act mice could not prevent colitis initiated by coinjected WT naïve T cells. Although WT Treg cells were able to efficiently regulate the colitogenic T cells and this cohort of T cell transferred hosts remained healthy (Fig. 2B Upper) , the mice receiving CT4Act Treg cells succumbed to a wasting disease, displaying massive lymphocyte infiltration and significant epithelial hyperplasia (Fig. 2B Lower) . Together, these results demonstrate that Treg cells from CT4Act mice that lack CTLA-4 are functionally impaired and that the defects in Treg cells are responsible for the lymphoproliferation in CT4Act mice.
CTLA-4 Expression in Activated T Cells Restricts Tissue Infiltration and
Pathology. Despite the functionally impaired Treg cells and rampant T cell activation, CT4Act mice survived significantly longer compared to Ctla4 −/− mice. To determine if activated, conventional T cell-intrinsic expression of CTLA-4 contributed to this survival benefit, we first determined why CT4Act mice are protected from early onset fatal autoimmunity. In contrast to Ctla4 −/− mice, there was a striking absence of lymphocytic infiltration in nonlymphoid organs of CT4Act mice even at 6-8 months of age (Fig. 3A) . As the mice aged, however, the small intestine and pancreas were not protected, and there was extensive mononuclear cell infiltration in both tissues. The pancreas of older CT4Act mice showed evidence of T cell infiltration of β-islet cells (Fig. 3B) , although the mice were not hyperglycemic up to approximately 12 months of age. The small intestine, but not the colon, showed diffused hyperplasia, increased plasma B cell and necrotic cell numbers in the mucosal epithelia, but limited epithelial cell damage (Fig. 3B) .
The restricted tissue pathology suggested that the lymph node (LN) and tissue homing characteristics of activated CT4Act CD4 + T cells might be altered by CTLA-4 expression. Indeed, there was a disproportionate increase in the size of the mesenteric LNs (MLNs) of CT4Act mice compared to other peripheral LNs (Fig. 4A) . Accompanying this was an increased frequency of CD4 + CD44
hi T cells expressing the gut and pancreas homing receptors, CD103 and α4β7 (Fig. 4B) . In addition to the expression of specific tissue homing receptors, T cells also undergo actin cytoskeletal rearrangements during their movement from the blood circulation into tissues. Costimulatory signals from CD28 have been implicated in this process (20) , and CTLA-4 itself has been suggested to regulate the motility of T cells (21) . Because CTLA-4 can compete with CD28 for B7 ligands to inhibit CD28 signals, we investigated whether CTLA-4 expression in CT4Act T cells altered the actin morphology of these migratory T cells. The majority of activated Ctla4 −/− CD4 + T cells had the distinct morphology of migrating T cells with polarized F-actin. In contrast, most of the activated CT4Act CD4 + T cells appeared not to have reorganized their actin cytoskeleton and resembled resting T cells in morphology (Fig. 4C) . These results suggest that one aspect of T cell activation that is regulated by CTLA-4 in a T cell-intrinsic manner is the modifications of aberrantly activated T cell trafficking into nonlymphoid organs. Discussion CTLA-4 is expressed in both activated conventional T cells and Treg cells; however, the relative T cell subset-specific function of CTLA-4 in maintaining T cell tolerance is unclear. In this report, we describe a mouse model of activated T cell subset-restricted CTLA-4 expression and demonstrate that CTLA-4 mediates distinct functions in activated T cells and Treg cells to achieve T cell tolerance. Expression of an Il2-promoter regulated TgCtla4 in Ctla4 −/− mice results in functional CTLA-4 expression in activated T cells but not in FOXP3 + Treg cells. CTLA-4-less Treg cells are functionally impaired in vivo and cannot prevent aberrant activation of T cells to self or environmental antigens, despite the fact that conventional T cells are capable of expressing CTLA-4 within hours of activation. Strikingly, activated lymphocytes in adult CT4Act mice that express CTLA-4 do not traffic to and/or accumulate in peripheral nonlymphoid organs. This lack of tissue infiltration is not due to some residual Treg cell function because extensive T cell infiltration into diverse tissues was evident in mixed chimeras composed of CT4Act: Ctla4 −/− BM-derived cells. It is important to emphasize, however, that this conclusion does not imply that CTLA-4-less Treg cells are completely nonfunctional. Treg cells from Ctla4 −/− mice can suppress conventional T cell activation in vitro (22) , and there are some indications, albeit not universal, that these cells can function to inhibit colitogenic T cells in a T cell transfer model (23) and that they can delay the early fatality associated with Foxp3 null mutation (24) . Conversely, mice lacking FOXP3 do succumb to rapid, fatal lymphoproliferative disease despite the fact that activated T cells can express CTLA-4 (25) , suggesting that the absence of CTLA-4 on Treg cells is not functionally equivalent to the loss of Treg cells. Given the notion that Treg cells may use multiple effector mechanisms (26) , including IL-10 (27) and TGFβ (28) , to regulate T cell tolerance, it is not unexpected that ablation of CTLA-4 in Treg cells do not make them inert. Hence, although both Foxp3 −/− and Ctla4 −/− mice die of an early lymphoproliferative disease, the causes are distinct; in the former it is the loss of FOXP3-dependent functions of Treg cells, whereas in the latter it is the combined effect of the loss of CTLA-4 in Treg cells and in activated T cells. In CT4Act mice, CTLA-4-less Treg cells may afford a moderation in immune activation that allows Treg cell-independent function of CTLA-4 to take effect in vivo. However, other compensatory mechanisms cannot prevent naïve T cell activation in the absence of CTLA-4 on Treg cells and cannot control the eventual tissue destruction by aberrantly activated T cells.
The extended survival of CT4Act mice is in contrast to that of conditional Ctla4-deficient mice (Foxp3Cre:Ctla4 fx/fx ) in the BALB/c background, which lack CTLA-4 expression in Treg cells (11) . These mice succumb to a delayed fatal lymphoproliferative disease and die by 7-10 weeks of age. Critically, the disease course in CT4Act mice is not simply a delay in pathogenesis or in moderations of the pace and magnitude of aberrant T cell activation because even in CT4Act mice suffering from fulminant enteritis and extreme lymphoproliferation, most nonlymphoid tissues are spared from T cell infiltration. This difference in phenotype, in part, may be attributed to the difference in genetic backgrounds and as yet undefined differences in functional properties of Treg cells during their early development in CT4act versus Foxp3Cre:Ctla4 fx/fx mice. The mechanism by which CTLA-4 expression on aberrantly activated T cells can regulate their potential destructive actions remains speculative. It has been shown previously that expression of a CTLA-4Tg lacking the cytoplasmic signaling domain of the protein in Ctla4 −/− mice results in aberrant T cell activation and lymphoproliferation in the absence of tissue infiltration (29) . Given that one major function of CTLA-4 in conventional T cells is to inhibit CD28 signals (30) , which has been shown in several situations to regulate homing of T cells (31) , a straightforward interpretation is that CTLA-4 can compete with CD28 for B7 ligand binding on antigen presenting cells, and that this mode of inhibition does not require biochemical signaling initiated from the CTLA-4 cytoplasmic region. We propose that this CTLA-4-cytoplamic tail-independent inhibition of CD28 signaling contributes to the lack of tissue infiltration in CT4Act mice.
Collectively, we demonstrate a dual function of CTLA-4 in regulating T cell tolerance. CTLA-4 is absolutely required on Treg cells to regulate the aberrant activation of conventional naïve T cells to self or environmental antigens in the periphery in trans irrespective of whether or not conventional T cells can express CTLA-4. In addition, in cis, CTLA-4 expression in aberrantly activated T cells can modulate rampant autoimmune tissue destruction and alter the disease course.
Materials and Methods
Mice. The IL-2P/GFP/CD2 transgene construct was a kind gift from Casey Weaver (University of Alabama at Birmingham, Birmingham, AL) (15) . After EcoR1 and Xba1 digestion, the 1.4-kb full-length CTLA-4 cDNA construct from SKCwt5/10 was inserted in place of GFP in BOB1cwt10 plasmid containing IL-2 transgene. The 9.6 kB IL-2P/CTLA4/CD2 transgene was isolated from pIL-2P(hs65TGFP)-hC2 following Not1 and Sal1 digestion and injected by UMass Transgenic Facility, Worcester, MA, to generate transgenic mice. Transgene-positive founders were identified by PCR analysis. Four different founder lines were established, of which two were chosen for crossing with Ctla4 +/− mice to generate CT4Act mice. Some mice were also crossed to 5C.C7 TCRTgCtla4
Rag
−/− mice to generate 5C.
C7TCRTg
+ CT4ActRag −/− mice. All mice used in these experiments were housed in a specific pathogen-free rodent barrier facility. All experiments were approved by the University of Massachusetts Medical School Institutional Care and Use Committee.
Antibodies, Flow Cytometry, and Cell Sorting. Fluorescently labeled Abs specific to CD4, CD8α, CD44, CD62L, CD69, CTLA-4, CD103, α4β7, and Ly5.2 were purchased from BD Pharmingen and Abs specific to FOXP3, CD25, CD5, GITR, and CCR7 were purchased from eBiosciences. Intranuclear FOXP3 and intracellular CTLA-4 stainings were performed according to the manufacturers' protocol (eBiosciences and BD Pharmingen, respectively). All data were acquired on the LSRII (BD), and analyzed using FlowJo software (Treestar). Peripheral T cell subsets including CD4 and CT4Act mice were coinjected. Mice were weighed weekly and examined for signs of colitis and wasting. Mice were killed and colons removed at 4-5 weeks after T cell reconstitution for histological examination. Colitis was scored as described in ref. 32 .
Mixed Bone Marrow Chimeras (BMC). Mixed BMCs were set up as described in (10) . Briefly, BM was flushed from the femurs and tibias of donor mice and depleted of CD4 + and CD8 + T cells using magnetic Dynal beads; 4 × 10 6 BM cells were injected into lightly irradiated (300 rads) Rag1 −/− mice via the tail vein.
Mice were bled periodically to determine reconstitution of the peripheral T cell pool. Mice were killed and analyzed at greater than 12 weeks posttransfer.
Histological Examination. Organs were removed and fixed in 10% formalin. Four microns paraffin embedded sections were cut and stained with H&E. At least four sections and multiple fields were analyzed.
Actin Staining. CD4 + T cells were enriched from MLNs of 3-to 4-week-old Ctla4
−/− and 10-to 12-week-old CT4Act mice by depleting CD8 + T cells and B cells using MACS beads. Both the Ctla4 −/− and CT4Act populations contained more than 85% CD44 hi CD62L lo activated T cells; 2 × 10 6 CD4 + T cells were fixed in 4% paraformaldehyde and permeabilized in 0.15% saponin. Cells were stained for actin with phalloidin-488 (5 units, Invitrogen) followed by DAPI staining of nuclei. Images were captured using a Nikon Eclipse E 600 microscope with a Hamamatsu Orca-ER cooled charge-coupled device camera (Hamamatsu Photonics) and IPlab Spectrum software (Scanalytics). At least 15 fields were photographed and no less than 100 cells per sample were analyzed for each experiment. T cells with polarized F-actin. Data are generated from three independent experiments with a total of at least 400 cells analyzed for each genotype.
